The first phase of the Advanced Mo-based Rare Process Experiment (AMoRE-I), an experimental search for neutrinoless double beta decay (0νββ) shielding walls of the Y2L cavity were simulated. The estimated background rate in the region of interest was estimated to be <1.5 ×10 −3 counts/keV/kg/yr (ckky). The effects of random coincidences between backgrounds and twoneutrino double beta decays of 100 Mo as a potential background source were estimated to be <2.3 ×10 −4 ckky.
Introduction
As of today, on the basis of results from a number of neutrino oscillation experiments, it is known that neutrinos have mass. However, their absolute mass scale is still not known [1, 2, 3] . The half-life of neutrinoless double beta decay (0νββ) of certain nuclei is related to the effective Majorana neutrino mass, and 5 the investigation of neutrinoless double beta decays is the only practical way to determine the absolute neutrino mass scale and the nature of the neutrino such as Majorana or Dirac particle [3] . The Advanced Mo-based Rare Process Experiment (AMoRE) [4] is an experimental search for neutrinoless double beta decays of 100 Mo nuclei using 40 Ca 100 MoO 4 (CMO) scintillating crystals operat-
10
ing at milli-Kelvin temperatures and being planned to operate at the YangYang underground laboratory (Y2L) in Korea. The AMoRE experiment will run in a series of phases [5] ; the first phase of the experiment (AMoRE-I) will use a ∼5 kg (possibly, up to 10 kg) array of CMO crystals. The goal of background level for AMoRE-I is 0.002 counts/keV/kg/yr (ckky) in the region of interest (ROI), 15 3.034 ± 0.01 MeV. Radiations originating from the CMO crystals themselves are known to be the dominant source of backgrounds [6] . Other possible sources are activities from radioisotopes contained in the 238 U, 232 Th, and 235 U decay chains from materials in the nearby detector system and the outer lead shielding box that produce signals in the crystals. Backgrounds from more remote 20 external sources such as the surrounding rock material and cement floor are also considered as possible sources. Random coincidences of radiations from different background sources with two-neutrino double beta (2νββ) decays of 100 Mo in the CMO is known as a possible background source in the ROI [7, 8] . In this paper we estimate background rates due to the above mentioned background 25 sources by performing simulations.
The AMoRE-I Experiment

The geometry for detector simulation
The detector geometry used for the AMoRE-I simulation includes thrity-five CMO crystals, shielding layers internal to the cryostat, an external lead shielding 30 box, and outer rock walls of the Y2L cavity. Each crystal has a cylindrical shape with 4.5 cm diameter, 4.5 cm height, and mass of 310 g. The total mass of crystals is 10.9 kg, originated from initial design of AMoRE-I experiment. The thirty-five crystals are arranged in seven columns, each with five crystals stacked coaxially, with the center column surrounded by six external ones. The side,
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bottom and portion of top surfaces of each crystal are covered by a 65 µm-thick
Vikuiti Enhanced Specular Reflector film (former VM2000) [9] . Each crystal is mounted in a copper frame, which is a complicated design in reality, but, in the simulation, a simplified CMO supporting copper frame with corresponding mass is used, as shown in Fig. 1 . A Ge wafer and its copper frame are located above 40 each crystal and below the lowest crystal. More detailed detector description can be found elsewhere [5, 10] .
The whole crystal assembly is enclosed in a cylindrical 2-mm-thick lead superconducting magnetic shielding tube (diameter of 40.0 cm and height of 44 cm) with top and bottom discs, which is made of an ultra-low activity, ancient structures and features will be included on top plates in future simulations.
The cryostat is located inside a 15-cm-thick external lead shield, a total mass of ∼15.6 ton. A top lead shield plate, covering area of 150×150 cm 2 , is placed ∼50-cm above the top of the cryostat gives a space for pipes and 60 valves of the cryostat in the detector system. For radiations from the rock walls surrounding the experimental enclosure, the simulation uses a 50-cm-thick spherical rock shell, which is an optimized thickness for saturated escaping γ-rays. For radiations from the laboratory environment such as the cement floor, the laboratory walls and ceiling, and iron supporting system, simplified designs 
Analysis
Radioactive sources are simulated in the following materials which are known as dominant background sources: (i) First, the internal background in CMO crystals (ii) Second, backgrounds from materials in the detector system, in-
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cluding CMO supporting copper frame, Vikuiti reflector, superconducting lead shield, Cu plate under internal lead, internal lead plate, G10 fiberglass tubes, and outer lead shielding box (iii) Third, backgrounds from rock material and surrounding underground laboratory. Then, we estimate an anti-coincidence rate and a random coincidence rate with the 100 Mo 2νββ decays.
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Anti-coincidence rate is estimated from events in the ROI in one crystal, called a single hit event, while events with hits in more than one crystal are rejected because they are obviously from radioactive decays. The single hit events are surface α events, β-α pileup events, and β-like (β or γ) events. First, the surface α-events from crystals or near-by materials can deposit energies in 105 the crystals in a continuum distribution up to Q-value (see Section 3.2.1 and
Ref. [13] ), which can appear in the ROI. Those α signals are distinguished from β and γ signals by a pulse shape discrimination (PSD) and a separation power of 7.6 σ between α and β/γ events were reported [14] . We assume that the by the PSD analysis with a rejection power of 99 %, which was reported with a clear separation between α and β-like events with a prototype detector [14, 5] .
In this estimation, 90 % rejection efficiency (∼1.6 σ) is assumed, conservatively.
After the surface α rejection, remaining anti-coincidence rate is mainly β-like single hit event rate in the ROI. A further rejection scheme for β-like single hit 120 events will be discussed in Section 3.1.1.
Random coincidence events are originated from any two signals, while the β-α pileup events are from two consecutive decays with relatively short half lifetimes. When two random signals occurred within a time resolution, they might be considered as one pulse, which could be a background source in the ROI. events are also from external contaminations [17] , which will be studied in the future.
Internal background in CMO crystals
Background rate due to sources inside CMO crystals
The activities inside crystals, listed in Table 1 , are from a recent measure- The difference between the total rate (red) and sum of the others is α particle event rate.
Random coincidence rate of two 100 Mo 2νββ decays
The 2νββ decay in a CMO approaches zero rate at the end-point energy,
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but random coincidence of these events can sum together (pileup) creating backgrounds for the 0νββ signal. The random coincidence of two 100 Mo 2νββ decays in an energy range, ∆E, can be expressed as [19] ,
where τ is a time resolution, R 0 is a decay rate, N is the number of 100 Mo decays and ε is the probability of appearing events in the ∆E interval, which was and other materials, placed out side of the SC lead shield, are from β-like events, mainly γs, like the CMO supporting copper frames. When no events are found in the ROI for a few thousand years of exposure, an upper limit (90% C.L.) is estimated and the limit is to be in the order of 10 −5 ckky by increasing statistics, as shown in Fig. 7 .
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Random coincidence rates of β-like events from materials inside the cryostat with 100 Mo 2νββ decay are in the order of ∼10 −7 −10 −9 ckky for CMO supporting copper frame, SC lead shield, Cu plate, internal lead plate, which are less than the random coincidence rate of two 100 Mo 2νββ decays inside the crystals.
Backgrounds from lead shielding box outside the cryostat
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A major concern of the lead shielding box is the random coincidence events ckky. The total random coincidence rate of 100 Mo 2νββ decay for 210 Pb, 238 U, 225 and 232 Th from the outer lead shield is 3.6 ×10 −6 ckky.
Backgrounds from rock material surrounding underground laboratory
Similar to the lead shielding box, the random coincidence effect of 100 Mo 2νββ decay and γs from the rock are investigated with reported concentrations of 238 U and 232 Th in rocks at the Y2L [25] . The concentration of 40 K is 2.44 ppm, Bi in the copper) are not expected to contribute significantly to the background near 100 Mo 0νββ decay signal region. Nevertheless, they will be considered in the future.
Results
250
The backgrounds estimates of the AMoRE-I for possible radioactive sources are summarized in cay inside crystal is the most important. Therefore, purification of CMO power and its growing process studies are ongoing. In addition, methods for improving α-tagging efficiency for rejecting 208 Tl have been studied using a simulation.
When the internal background level is reduced to the order of 10 −4 ckky, reducing background effect from radioactive sources from Vikuiti reflector and CMO
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supporting copper frames should be considered as well.
Conclusion
We simulated possible internal and external background sources in the AMoRE-I experiment configuration and the estimated total background rate in ROI is <1.5 ×10 −3 ckky. The estimated background level shows that the AMoRE-I 290 experiment will achieve the aimed level of 2 ×10 −3 ckky. For the AMoRE-I, the main background source is βs from 208 Tl events inside the crystals and materials nearby crystals. In order to reduce background rate further, R&D works for crystal purification and material selection are in progress.
